Probing the Seesaw and Gauge Mediation Scales with BR(/x — >^ ej) and [Ues] 
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The new MEG bound on BR(^ — >■ ey) provides tlie strongest upper bound on tlie scale of gauge 
mediation of supersymmetry breaking. If, in the future, this decay is observed by MEG, the me- 
diation scale will become known to within one order of magnitude, and the seesaw scale will be 
constrained. In such a case, contributions from Planck mediated supersymmetry breaking are likely 
to be non-negligible, and an interpretation in terms of purely seesaw parameters will be impos- 
sible. The recent evidence for jL^esl 0-15 further sharpens the predictions of gauge mediated 
supersymmetry breaking. 



Introduction. The MEG experiment has recently 
announced a new bound 111, 



BR{n 67) < 2.4 X 10 



-12 



(1) 



a factor of 5 improvement over the previous MEGA 
bound [21. Within a few years, MEG is expected to ex- 
plore the range of 



BR(^ -> 67) > 10 



-13 



(2) 



The Standard Model, extended with the seesaw mecha- 
nism to account for neutrino masses, predicts a branch- 
ing ratio that is about forty orders of magnitude lower. 
Thus, future observation of BR(/x — > 67) within the range 
of 2.4 X 10~^^ — 10"-'^^ will signal new physics. A leading 
candidate to account for such a rate will be the super- 
symmetric standard model, where lepton flavor violation 
arises, in general, in the soft supersymmetry breaking 
slepton mass-squared terms. The implications will be 
particularly interesting in the framework of models with 
universal soft terms, such as gauge mediated supersym- 
metry breaking (GMSB), where the supersymmetric fla- 
vor problem is naturally solved. In such a framework, 
lepton flavor violation can still arise via the renormaliza- 
tion group evolution (RGE) effect of the singlet neutrinos 
on the soft breaking terms [1,11. (For reviews, see for 
example [5, 6].) 

An observation of /i — > 67, when interpreted within the 
GMSB framework, will put a lower bound on the seesaw 
scale. The lower the seesaw scale, the smaller the neu- 
trino Yukawa couplings, leading eventually to negligible 
RGE effects and to a decay rate below the experimental 
sensitivity. A GMSB interpretation of such an observa- 
tion will also put an upper bound on the seesaw scale. 
It must be lower than the mediation scale in order for 
the RGE effects to take place. The mediation scale itself 
is bounded from above, or else Planck scale mediation 
(PMSB), where the flavor structure is not expected to 
be universal, becomes significant. Gonversely, an upper 
bound on the rate of /i — s> 67 provides an upper bound on 
the scale of gauge mediation, to avoid large contributions 



from PMSB, and an upper bound on the seesaw scale, if 
it is lower than the mediation scale. 

The purpose of this work is to obtain the constraints on 
the seesaw and mediation scales that follow from the new 
bound ([H. We further study the constraints that will 
follow from observing /x — >■ 67, to understand whether 
such an observation can be translated into constraints 
on the seesaw flavor parameters, and to explore further 
phenomenological implications. 

Low energy neutrino parameters. The GMSB 
predictions for lepton flavor violation depend also on the 
low energy neutrino parameters. Specifically, the depen- 
dence is on the three following combinations: 

Mpe = Si2Ci2C23(to2 - mi) + 513323(^3 - TOi), 
Aire = -Si2Ci2S23(to2 - ^l) + Sl3C23("T.3 - "T-i), 
A^rp = C23S23[-Cl2(™2 - Wl) + (^3 " Wl)], (3) 

where Sij = sin 9ij , Cy = cos 0ij , with 9ij the angles of the 
leptonic mixing matrix t/, and we use C13 = 1. To eval- 
uate the numerical values of the fiij parameters, we as- 
sume normal hierarchy for the neutrino masses, whereby 



m2 — mi ~ ^y ^m2i and 7713 

7712 — mi = 0.009 eV, 771,3 



7771 = 0.05 eV. (4) 



The recent intriguing measurements of \Ue3\ by the T2K 
8|] and MINOS [9| experiments have been combined into 
a global analysis of oscillation data [13], yielding 



si3 ~ 0.15 ±0.03 (la). 



(5) 



For the other two mixing angles, we use the central values 



from a recent fit 



si2 = 0.56, S23 = 0.68. 



(6) 



We obtain (taking into account only the Si3-related un- 
certainty) : 



/i^e = 0.0082 ±0.0010 eV, 
^ire = 0.0027 ±0.0011 eV, 
^ir^ = 0.022 eV. 



(7) 



The Model. In minimal GMSB models 
(for earlier work, see lB"18l), slepton-doublet masses are 
given, at the messenger scale, by 



mi =m|(Af™) 



1607r2 



(8) 



where Mm is the mass scale of the messenger fields (that 
is, the mediation scale), Ms is a scale of order a (few) 
hundred TeV, and 715 is the number of messenger fields 
in the 5 + 5 representation of SU{5). (In this work, we 
focus on models with weakly coupled messenger fields. 
We will explore more general models of gauge mediation 
[l9| in future work.) 
The leptonic part of the superpotential reads 



,.,,^,/.2-^Af^iV^iV;, (9) 



where L^, Ef and are leptonic superfields in the 
(2)_i/2, (l)+i and (l)o representations of SU{2) x [/(I), 
respectively, and i?i,2 are the Higgs superfields in the 
(2)::pi/2 representations. The matrices Ag and \i, are com- 
plex 3x3 Yukawa matrices, while M^ is the symmetric 
Majorana mass matrix. Without loss of generality, we 
work in a basis where Ag and Mjq are diagonal. 

The light neutrino Majorana mass matrix is given by 



M^ = vlXlMZ^K, 



(10) 



where Vi = {Hi)- Diagonalization of Mi, leads to the 
mass eigenvalues m^, i — 1,2,3, and to the leptonic mix- 
ing matrix U . 

If some of the eigenvalues of Mm are lower than Af™, 
then RGE of to- between the scales Mm and Mm will 
generate off-diagonal terms in to~. In a generic super- 



symmetric model, the RGE is given by 2^, 21 1 



d_ 

djji 



1 



(11) 



MSSM 



167r2 



+2(Atm|A^ + m|^_A|:A^ + AIA„), 



In GMSB models, the trilinear scalar couplings are neg- 
ligible, A,j — 0, and the soft masses-squared of singlet 
fields vanish, = 0. Moreover, at the messenger scale 
m£ = . For simplicity, we adopt from here on the 
minimal lepton flavor violation (MLFV) ansatz of Ref. 
[23 | and take the singlet neutrinos to be degenerate. 



Mm = ttiatI. 



(12) 



In the leading log approximation, and with the GMSB 
boundary conditions ([5]) , the off-diagonal elements of the 
doublet slepton mass matrix at low energy are given by 

" 9 



We now introduce yet another MLFV ansatz, and take 
the Yukawa matrix A^ to be real [22[. Then Eq. pO)) 
leads to 

m.M^^ij 



(AtA.) 



(14) 



where the /iy parameters are defined in Eq. ([3]). 

In calculations of the supersymmetric contributions to 
fiavor changing neutral current (FCNC) processes, the 
following dimensionless parameters are useful: 



K) 



" 9 

L 



mNfJ-ij M„ 



4:TT^V2 



TUM 



(15) 



In a full model of GMSB, one usually introduces a 
SM-singlet chiral superfield S, whose scalar and auxil- 
iary components acquire VEVs, denoted by s and Fg, 
respectively. The scale Mg introduced in Eq. ([5]), which 
sets the size of the soft terms from gauge mediation, and 
the mass scale of the messenger fields, M,n, are given by 



Mg - F,/s, M„ 



(16) 



Fg generates also Afpi-suppressed contributions to the 
soft breaking terms. The scale of these Planck mediated 
supersymmetry breaking (PMSB) contributions is given 
by Fg/Mpi. The PMSB contributions have an unknown 
flavor structure. From here on we take this structure to 



be anarchical [23|, |2J|, with coefficients of order one: 



M, 



PI 



(17) 



Eq. (|17p constitutes, on one hand, an approximate upper 
bound and, on the other, a plausible estimate. Moreover, 
it holds also for models where the structure of the soft 
breaking terms is dictated by a Froggatt-Nielsen (FN) 



symmetry |25l - l28l | with equal FN charges for the three 



left-handed lepton doublets, as suggested by the order- 
one leptonic mixing angles. 

Generically, PMSB contributions with unknown fla- 
vor structure are unavoidable. Consequently, constraints 
from flavor changing processes provide an upper bound 



on Mm- Ref. |24| analyzes fiavor violation in the quark 



sector and obtains 



Mm/Mpi < 10- 



(18) 



for models with anarchical PMSB terms. 

The ratio between the PMSB and the GMSB contribu- 
tions to the off-diagonal elements of the doublet slepton 
masses can then be estimated as 



2 >grav 



(™2)gaugo 



64071" 



1 



64071^ 



M' 



Afpj 3n5(5a2 + al) mM^J-ij In 



(19) 



1.5 



M„ 



1912 GcV 0.008 eV 4 



3 



The fj. ^ decay. Within our framework, where 
the main features of the spectrum are determined by 
GMSB with a perturbative messenger sector, the /i — >■ 67 
decay is dominated by the chargino/sneutrino loop di- 
agrams. An approximate expression for the branching 
ratio can be written (based on Ref. [2lj) as follows: 



BR(/i ^ 67) 



JL 



51, 



(20) 

where = tan/3, M2 is the Wino mass, is the Hig- 
gsino mass term, is the average mass of the quasi- 
degenerate sneutrinos. 



(™i)2i 

2 
L 



m% „ 
k!) 

L 



(21) 



and 



xy 



(x- 

-5 



y) 

\- Ax 



2 [5 (x) - 9 (y)] 



— 2 In x — 4x In : 



(22) 



{x-iy 

We note that for very large n^, the approximation of 
Eq. (|20p becomes less accurate, as the contributions 
from neutralino/charged-slepton loop diagrams become 
non-negligible. The bounds of Eqs. (1^51) and (PU)) below 
are derived from numerical calculations (based on Ref. 
[2§|) which do take into account these additional contri- 
butions. 

An upper bound on the radiative decay, 



BR {^i 67) < Br, 



(23) 



implies 



<5^e < 6 • 10- 




Br 



2.4- 10-12 ■ 
(24) 

Using Eqs. ([T7|) and ([8]), we then obtain an upper bound 
on the scale of gauge mediation (for anarchical PMSB 
slepton mass-squared terms): 



Mr, 



< 3 • 10" 



PI 



Br 



2.4-10-12 



rri; 



20n. 



1/2 



300 GeV 

h 



(25) 



The properties of the GMSB spectrum [30j , and in partic- 
ular the fact that the ratio between the wino and doublet- 
slepton masses increases with n^, lead to 



/i - 0.1 ^ 0.01 for ns 



1 



20. 



(26) 



The running of m ~ is dominated by gaugino masses, such 



that for fixed rh? 



1.01 



9?T-5 

207r2' 



(27) 



Plugging these results back into Eq. (1251) we obtain for 
the two extreme cases of ns = 1, 20: 



M^^|3xl0-5 715 = 1, 
Mpi I 1 X 10-3 ns = 20. 



(28) 



/Is f 



( B~r Y 

We con- 



These bounds scale like y \ sixTGcV 
They are to be compared with Eq. (HJ 
elude that the new MEG bound on /it ^ 67 provides the 
strongest upper bound on the scale of gauge mediation. 

Inserting Eq. ([TS| into the expression (^0)) . we obtain, 
for the purely GMSB contributions and for M.^ > "^at, 



BR(^ ^ 67) 



27r3s2 



5 X 10 



-13 



2^''W 

rhf 



In 



Mm 



mf 



0.1 

S2I3 



niN 
h 

01 



(29) 



Vl0i2GeV/ VO.OOSeV/ 



300 GeV 



In 



M„ 



Using the expression ((29| . the upper bound of Eq. ([T]) 
implies that 

niN >^ Mm or (30) 

[2.7x1012 GeV ng 1, 
^ [1.1 X 10" GeV ng = 20, 

where the bounds scale like (sin 2/3/0. l)(7n^/300 GeV)2. 

In the literature, the less well-motivated case of uni- 
versal PMSB (known as mSUGRA or CMSSM) is often 
considered (3ll433| . The supersymmetric spectrum is dif- 
ferent from the GMSB framework, and the approxima- 
tion (PO)) is replaced by 



BR(/i 67) c !f Si, 



(31) 



where m is the scale of the soft breaking parameters. 
The upper bound on BR(/Lt ej) of Eq. ((T|) provides an 
upper bound on S^g,: 



V < 1-4 X 10-4 (20/t;3) (m/300 GeV)^ 



(32) 



An important feature of this scenario is that the seesaw 
scale, rriN, is necessarily below the mediation scale, Mp\. 
Thus, the generation of off-diagonal entries in the doublet 
slepton mass-squared matrix by RGE from Mpi to mjq 
is unavoidable. Consequently, Eq. ([T]) provides an upper 
bound on m^r. Using Eq. (jl5p with Mm replaced by 
A/pi, Eq. ^ yields, for tan/3 = 10 and to = 300 GeV, 



TOAT < 1.4 X IO12 GeV 



(33) 



4 



This bound scales like (sin 2/3/0.2). In the param- 
eter region of interest, the bound scales roughly as 
(m/300 GeV)^-^'^. (For related work on seesaw parame- 



■) 



ters in the PMSB framework, see [3J- 

Consequences of observing /i 67. If /i — ?> 67 

is actually observed by MEG, this will have far reaching 
consequences for GMSB. Explicitly, if BR(/i 67) is 
established to be within the range of Eq. ([2|) , we will be 
able to make the following statements: 

• The following lower bounds apply: 

Mm >2x 10" GeV or 
Mm > mN > 3 X 10" GeV. 



• For Mm > 5 X 10^'^ GeV, gravity mediated contri- 
butions are, in general, too large. 

• For 10" GeV < tun < Mm < 10" GeV, gauge- 
mediated contributions can be large enough. 

Given this situation, we can now make a more precise 
statement about x^,,- For a given value of BR(/i — )■ 67), 
the Xij parameters are minimized when ln(Afm/m7v) = 
3/4 and Mm takes the minimal value consistent with the 
decay rate, which we denote by Mm- From Eq. (p9)) we 
obtain (neglecting the uncertainty in /i^^e) 



(34) 



1013 GeV 



BR(/i -J> 67) 20 



8 X 10 



-13 



tan/3 (300 GeV)^' 



Thus, low scale gauge mediation will be excluded. Putting this value in Eq. (HH), we find 



• At the same time, a bound similar to (and perhaps 
somewhat stronger than) Eq. (|25p applies. Thus, 
the range of Mm will be determined to within about 
an order of magnitude. 

• Combining these considerations leads us to suspect 
that Xfj,e of Eq. (IT9t cannot be negligibly small. For 



example, taking M„ 
IQi^ GeV, gives Xn^ 



5 X 10" GcV and mjv 



1. 



Thus, in case that /i — 57 is observed and inter- 
preted within the GMSB framework, we should not ne- 
glect PMSB contributions to ^^e- In particular, in Eq. 
([20l) . we should replace 



Sle ^ (V + Sjlfn' + (l/16)(ai/a2)^(<5«-s'--)2, (35) 

where (5^e stands for the pure gauge-mediation contri- 
bution of Eq. (Hg, while Sf^f'^'''' and Sj^f""" stand for 
the contributions from gravity mediation to, respectively, 
(m|)2i and (m~)2i, both of which we take to be esti- 
mated by Eq. (jl7p . Within our framework, the contri- 
bution from (5^e^"*^ is thus of order one percent of that 
from and can be safely neglected for most pur- 

poses. 

The interplay between gauge-mediated and gravity- 
mediated contributions can be understood from Fig. [T] 
(A similar figure, which neglects, however, the PMSB 
contributions, was presented in Ref. [^].) We can make 
the following statements regarding an explanation of 
BR(^ ^ 67) > 10^13 within our framework: 

• When rriN > Mm, the gravity- mediated contribu- 
tions dominate jj, — > ej. They can be large enough 
if M„ > 2 X 1013 GeV. 

• When toat < 3 X 10" GeV, gauge-mediated con- 
tributions are too small. The decay rate can still 
be explained by gravity-mediated contributions if 
M™ > 2 X 1013 GeV. 



fie 



0.07 



BR(/Lt 67) 20 



- 2 

L 



8 X 10-13 715 tan/3 (300 GeV)^ 



(36) 



(37) 



We remind the reader that this minimal value of a;™" 
is obtained under the assumption that the gravity medi- 
ated contribution to the slepton masses-squared is of or- 
der (Fg/Mpi)^. It can be further suppressed if this scale 
is accompanied with small or hierarchical dimensionless 
coefficients. 

In addition to setting a lower bound on x^e, a mea- 
surement of /i ^ 67 yields both upper and lower bounds 
on Mm, as can be seen in Fig. [T] The upper bounds for 
the cases oi ric, — 1,20 are given in Eq. (|28l) . To deter- 



mine the lower bound we require 



0. Along a 



curve of constant Br{pL — > 67) this occurs at In 



Mr, 



1 




12.0 



12.5 



13.0 13.5 
log,„(M„/GeV) 



14.0 



14.5 



FIG. 1: Curves of fixed BR(/.t e-y) = 10"", 10"!^ 10"" in 
the Mm — mjv plane. 
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(for which x^e is larger than the bound given by Eq. l37l) . 
The resulting lower bound is: 



M, 



> 



PI 



3 X 10"^ = 1, 
2 X 10-"* = 20, 



where the bounds scale like 



4x10-12 



(38) 



^300 GeV^ 

We conclude that a measurement of Br{pL — )■ 67) will fix 
Mm to within one order of magnitude. 

Related observables. The GMSB framework, 
combined with the MLFV seesaw mechanism, relate the 
/i — > 67 decay rate to a number of other low energy ob- 
servables. In this section we review and update these 
relations in view of the new measurements. 

1. (5 — 2) of the muon: 
The dependence of BR(^ 67) on the supersymmct- 
ric flavor-conserving parameters tan /? and mj^ , Eq. (|20p , 
can be eliminated by the use of the supersymmetric con- 
tribution to (g — 2) of the muon ^]: 



BR(^ ^ 67) = 3 X 10" 



10- 



fie • 



(39) 



Future experimental and theoretical developments will 
decide whether it is more useful to use collider measure- 
ments of tan/3 and toj- , or the measurement of (17 — 2), 
to extract from BR(/i — s> 67) and by that test the 
GMSB framework. 

2. jjL ^ e conversion: 
An interesting observable is the /i — e conversion rate 
R{li — ?• e). In the GMSB framework, the photon penguin 
diagram dominates both the radiative decay and the — 
e conversion, and thus the two rates are related in a way 
that is independent of the model parameters: 



i?(/i — ?> e in Ti) 



0.005. 



(40) 



BR(Ai ^ 67) 

Clearly, all the implications that we describe here for a 
signal in the fi ^ decay can be made in a similar way 
from a signal of /i — > e conversion. 

3. Radiative t decays: 
Models with quasi-degenerate sleptons correlate all three 
radiative charged lepton decay rates in a simple way: 

BR(t ^ £7) = 0.175BR(Ai -> e-f){6ri/6^ef. (41) 

GMSB in its version employed here translates Eq. (|4T|) 
into an expression that depends only on light neutrino 
flavor parameters: 



BR(t ^ £j) ^ 0.175BR(/i ^ eJ){^lre/ ^^^.e? 



(42) 



For our two sets of mixing parameters, we get the follow- 
ing predictions: 

BR(t ^ 67) 



0.175BR(^ 67) 

BR(t ^ fi-f) 
0.175BR(^ ^ 67) 



0.04-0.17, 



5.4-9.0. 



(43) 



Whether the gravity mediated contributions are signif- 
icant depends on the Xij parameters. Here, our frame- 
work gives 



(44) 



which leads to 



'^Te/'^/j.e — 2.2 4.0, 

Xr^,/x^e 0.33 - 0.42. 



(45) 



We learn that our framework predicts BR(t ji^) > 
BR(t — i> 67) and, furthermore, among the three rates of 
radiative decays, r — >■ /i7 is the closest to represent the 
seesaw flavor parameters. 

Conclusions. Within the framework of gauge me- 
diated supersymmetry breaking, flavor violation is mini- 
mal. Yet, observable lepton flavor violation can be gen- 
erated if the seesaw scale is lower than the scale of gauge 
mediation. In particular, a measurement of the /i — > 67 
decay rate is sensitive to the gauge-mediation and seesaw 
scales, and to the seesaw parameters. 

In this work, we focus our attention on "ordinary 
gauge mediation" , with weakly coupled messenger flelds, 
and on "minimally lepton flavor violating" seesaw sector, 
with degenerate singlet neutrinos and real Yukawa cou- 
plings. Many of our conclusions (such as the signiflcance 
of Planck scale mediation) hold in more generality, but 
we postpone a detailed study of these generalizations to 
future work. 

The recent MEG upper bound, BR(^ ej) < 2.4 x 
10~^^, gives the strongest upper bound up-to-date on the 
mediation scale, which for a small number of messenger 
flelds reads M„ < lO^^^ GeV [see Eq. The seesaw 

scale is either higher than the gauge mediation scale or 
lower than about 10^^ GeV [see Eq. dSO])]. The bound 
on the seesaw scale in the framework of gravity mediated 
supersymmetry breaking is of order 10^^ GeV. 

If the /i — i> 67 decay is eventually observed by MEG, 
it will determine the scale of gauge mediation to within 
one order of magnitude. It will be impossible, however, 
to interpret the measurement in terms of purely seesaw 
parameters, because contributions from gravity media- 
tion will be, in general, signiflcant. 
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